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The paper reports the temperature-dependent time domain terahertz spectroscopy of premium aqua-soluble and
plastic explosives such as NH;NOj3, TNT, and RDX between 0.1 and 2.2 THz. Tunable terahertz radiation was
generated using ZnTe crystal as a source, and a photoconductive antenna was used as a detector. The temperature-
dependent study was carried out between 30°C and 200°C in a specially designed oven. The signature peaks of
RDX and TNT present at 0.82 and 1.60 THz, respectively, show a strong redshift, whereas the NH;NO; molecule
shows a comparatively small shift. The high-temperature-based redshift phenomenon is just the opposite of the
blueshift recorded at low temperatures. In addition, the temperature-dependent absorption coefficient data of
these molecules support the change in the concentration of the NO, molecule. We have also ascertained the
temperature-dependent refractive indices of these molecules between 0.1 and 2.0 THz, which confirms the effect
of temperature on the refractive indices. Finally, the signature peak of RDX with respect to the reduction in the

weight concentration of RDX in the Teflon matrix was studied at 0.82 THz.
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1. INTRODUCTION

Terahertz (THz) radiation has low energy and deep penetration
ability when applied to leather, cloth, Teflon (PTFE) and pack-
ing materials [1,2]. Therefore, it is treated as a nondestructive
and noninvasive tool for the analysis of explosives, drugs, and
biomolecules [3]. Moreover, it covers the fingerprint region of
the vibrational-rotational lines of most of the organic, inor-
ganic and biological molecules. Recently, THz technology-
clubbed materials have been used for sensing and medical di-
agnostic applications, such as graphene-based sensors and meta
devices based on conductivity changes and refractive index in
the THz regime [4-8]. NH4;NOj, a well-known aqua-soluble
fertilizer that is an inorganic molecule, is used as a principal
ingredient in improvised explosive devices and presents a major
challenge in detection by means of existing optical techniques.
Similarly, RDX and TNT are crystalline and amorphous
aromatic organic compounds. TNT is partially soluble in water,
while RDX is soluble only in organic solvents. Therefore, TNT
is responsible for contamination of underground water near
military testing ranges. However, RDX is one of the most
powerful plastic explosives. It is shock-insensitive and insoluble
in water and finds potential use in industry and defense [9].
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Tunable THz radiation between the 0.1 and 3 THz range
can be generated using different types of optical techniques us-
ing low-temperature and semi-insulating GaAs-based photo-
conductive antennas and nonlinear crystals such as ZnTe,
4-N-methylstilbazolium tosylate (DAST), and N-benzyl-2-
methyl-4-nitroaniline (BNA) [10-13]. The THz radiation gen-
erated is employed to record the time domain spectra of solid
explosives in pellet form. The premier explosive materials have
sharp spectral features above 3 THz. The detection and iden-
tification of explosives in concealed conditions in field applica-
tions are challenging and require judicious selection of the THz
frequency range. The high-energy materials (HEMs) RDX
and NH4NOj are crystalline, whereas TNT is amorphous in
nature. Khachatrian e /. have reported the sharp rotational—
vibrational features of NH,;NOj at low temperatures using a
metallic substrate [14]. However, NH4;NOj3; powder mixed
with PTFE powder in specific proportions provides informa-
tion about some distinguishing sharp vibrational modes in
transmission range. Most of the solid granule samples dimen-
sions are comparable with the wavelength of THz radiation,
which enhances the scattering losses [15]. Therefore, it expe-
riences technical difficulty in direct recording of their spectra.
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Chen er al reported some distinguishing weak spectral
features of NH4;NOj; between 0.1 and 3 THz at ambient
temperature [16]. Hu ez al. reported on the THz time domain
spectroscopy of explosives [17]. However, most of the reported
studies have not incorporated the high-temperature spectra of
HEMs. These materials are used in rocket fuel, and the study
of thermal decomposition mechanisms provides important infor-
mation about the energy release process. In the THz domain it is
also important to know the participation of different intact func-
tional groups at the time of heating. In our earlier work we
carried out this study in vapor form between 40°C and 350°C
using a UV-visible wavelength based pulsed photoacoustic
technique [18-21]. In the present work we have recorded the
spectral signatures of HEMs, and our results have found good
agreement with reported values. In addition, we have demon-
strated the hot band vibration spectra of the solid explosives
NH4NO;, RDX, and TNT. The main problem in recording
THz spectra in air is related to the presence of water molecules,
which have strong absorption peaks in the THz domain and also
overlap some of the signature peaks of the samples [22]. But
gradual heating of the sample initiates the process of vaporiza-
tion. Consequently, the intensity of the water absorption band
decreases with the increase in temperature. In addition, our stud-
ies clearly confirm the release of NO, molecules just above 40°C,
which also supports our previous studies on the number of
explosive molecules. The study was based on the recording of
strong vibronic transitions of NO, molecules between 30°C
and 350°C using a pulsed photoacoustic technique. Here we
have also made an attempt to develop a small quantity of pellets
using PTFE powder at room temperature and have successfully
recorded their characteristic signature in the THz domain.

2. EXPERIMENT DETAILS

The experiment was carried out in two steps. In the first step, we
prepared the explosive pellets in the PTFE matrix, and in the
second step, these pellets were subjected to the THz system
for the recording of temperature-dependent time domain spec-
tra. Sample preparation is an important factor for the recording
of a characteristic signature [21,23]. A pure sample in powder
form was mixed with PTFE powder, which has very low
absorption in the THz range. An explosive sample weighing
around 200 mg was mixed with 800 mg of PTFE powder using
10 ml of CH3OH solvent. The mixture was dried for 20 min
and then ground with a mortar to produce a fine homogenous
powder. The powder mixture was divided into two halves and
transferred to the die using butter paper, and then was pressed
with 2 tons of pressure to prepare a pellet. The thickness and
diameter of the pellets are ~2 mm and 12 mm, respectively.
The THz wavelength matches the size of the sample present
in the pellets, which is responsible for the inhomogeneous broad-
ening of the spectral peaks due to the scattering effect. Moreover,
scattering in THz spectra is caused by the refractive index mis-
match between the sample crystals and the surrounding pellet
medium (PTFE in this case). However, the effect of scattering
due to the multiple crystalline nature of the samples can be over-
come by dissolving the mixture in methanol solution. We also
mixed different proportions of the RDX sample in the PTFE
matrix to record the weight-percentage-based signature peaks.
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A Ti:sapphire femtosecond oscillator (Coherent Chameleon
Ultra II) was used as a laser source. It delivers p-polarized laser
pulses of 140 fs duration at a 80 MHz repetition rate. The laser
output wavelength was tuned between 780 and 850 nm for
THz generation. The variable attenuator (VA; Eskpla) was em-
ployed to attenuate the output average power. The incident
average power was allowed to be incident on the 110 cut
ZnTe crystal of 2.0 mm thickness for THz generation. The
crystal was housed in a PTFE holder and placed in an optical
rotator for vertical rotation. The incident femtosecond laser
pulses were loosely focused onto the crystal by means of a
plano-convex lens Z; with a focal length 30 cm. The spot diam-
eter of the laser pulse on the ZnTe crystal was ~234 pm. The
generated THz radiation was collected using two off-axis para-
bolic mirrors (PM;, PM,). The diameter (D) and effective focal
length (f,) of the parabolic mirrors (Thorlabs MPD508762-
90-M01) were ~50 mm and ~150 mm, respectively. The
residual transmitted laser pulses from the source were separated
from the THz radiation using a high-resistivity float zone sil-
icon plate (diameter 50 mm, thickness 2 mm) and black poly-
ethylene filter. The silicon plate has reflection coating in
between 700 and 900 nm laser wavelengths. The diverging
THz radiation emitted from the source was collimated and
focused by mirrors PM; and PM,. PM, focused the generated
the THz radiation onto the photoconductive antenna, which
was coupled with the preamplifier, and the output of the pre-
amplifier was fed to the lock-in amplifier. The output signal
from the lock-in amplifier was sent to the computer for the
recording of time and frequency domain signals using an
indigenously designed data acquisition program made using
LabVIEW. The horizontal dynamic range of the spectrometer
was limited up to 2.2 THz. The pure PTFE pellet was used as a
reference. It was assumed that the explosive sample was
homogeneously distributed in the PTFE matrix. Barber ez 4/.
reported temperature-dependent THz spectroscopy of explo-
sives between 8 K and 300 K [24]. However, in the present
report we have carried out the high-temperature study of explo-
sive samples below their melting point to record the change
in the absorption characteristics and refractive indices. The sam-
ple pellet was placed between the parabolic mirrors for the
recording of the time domain spectrum, as shown in Fig. 1.
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Fig. 1. Schematic layout of a THz time domain spectrometer.
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Schematic THs spectrum. (a) Temporal profile of THz pulse, (b) frequency domain spectra of different explosives.

The average incident power of the THz falling on the sample
pellet was of the order of 700 pW. Abid ez al. [25] reported using
optical-extinction-model-based plasmon-exciton interactions
between 115 K and 295 K to generate energy of the order of
42 meV, which is equivalent to 10 THz. The authors used a
Ti:sapphire laser source tunable between 750-850 nm wave-
length for this purpose. However, we generated a THz radiation
acceptable region at room temperature using an 800 nm wave-
length. The generated broadband THz radiation spectra lies be-
tween 0.4 and 8.27 meV. The THz absorption spectroscopy of
explosive molecules was carried out in a specially designed small-
sized oven that can accommodate the pellets inserted between
two parabolic mirrors. The oven works on the Pelder heating
principle and was supplied by Conversion Co. Ltd. (UK).
We redesigned the hood of the oven to accommodate an explo-
sive pellet with a 12 mm diameter. The temperature of the oven
was controlled between 25°C and 200°C with a precision of
+0.01°C using a temperature controller supplied by the same
company.

3. THEORY

The time domain THz signal received after passing through the
samples was converted into a frequency domain spectrum using
fast Fourier transform (FFT). The value of the absorption
coefficient a(w) was calculated from the FFT spectrum.
The transmitted field 7" is given by

E

sample

T = , U]

E Reference
where Egpple and Egeference are the amplitudes of the THz
radiation after passing through the material and reference sam-
ples, respectively. We can calculate the effective thickness (/) of
the sample distributed in the PTFE matrix using the formula

_m 4

~ pID*
Here, m is the weight of the sample (100 mg), D is the diameter
of the sample (12 mm), and p is the density of the sample.
Since the pellet contains a mixture of two samples, the absorp-
tion coefficient o can be ascertained using the formula [26,27]

1 T
R [ — , 3
;7 @)
where / is the effective thickness of the sample and 7, and T'p
are transmitted THz amplitudes from the samples and the
reference, respectively. The refractive index of the sample
can be calculated by using the formula [28]

[ (2

Absorption coefficient(a) =

(4)

where A¢ is the phase difference between the reference and the
sample, v is the frequency,  is the thickness of the pellet, and ¢
is the velocity of light. The complex refractive index is repre-
sented using the Kramers—Kronig model,

(5)

where 7 is the real part of the refractive index and « is the
extinction coefficient. « is related to the power absorption
coefficient a.

n=n-+ K,

4. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the temporal and frequency domain
spectral profiles of air, PTFE, and the explosives in the THz
range after passing through the pellet. It is observed that the
THz pulse shows variations in delay time after passing through
different explosives range. It is attributed to the change in the
optical path length of the radiation, which varies from sample
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Fig. 3. Absorption coefficients of RDX for different weight

concentrations.

to sample due to the change in the refractive index of the
molecules. The spectral intensity clearly shows the variation
in the intensity and the shift in the absorption peaks of explo-
sive molecules. The experiment was performed in ambient
room temperature.

Figure 2 depicts the temporal and frequency domain spectra
of explosive samples between 0.1 and 2.0 THz. The dynamic
range of the amplitude of spectral lines lies between 10-4 and
1077 on a log scale, which helps us to record the weak absorption
peaks of the explosive molecules. It s clear that the water-soluble
compound NH4NOj has a high absorption coefficient com-
pared to the aqua-insoluble explosives [16]. However, RDX
has a significant characteristic absorption peak at 0.82 THz,
which agrees with reported work [29,30]. All the samples show
a common feature near 1.8 THz. The absorption peak is attrib-
uted to the intermolecular vibrational modes present in the THz
region. The corresponding THz absorption peaks for NH;NOj;
present at 98.15, 108.5, and 143.7 cm™! are 0.87, 1.5, and
1.81 THz, respectively.

All the abovementioned studies were carried out with 100 mg
of explosive sample mixed with 400 mg of PTFE matrix. We also
made an attempt to study the effect of weight percentage on the
signature peak of the explosive sample. Therefore, pellets with
different weight concentrations of RDX such as 50, 30, and
10 mg were prepared in the PTFE matrix. The thickness and
size of the pellets were controlled by adding the same weight
percentage of PTFE powder into the mixture. As a result, the
total weight of the pellet matrix always remains 500 mg. The
time domain spectra of different weight percentage pellets were
recorded, and their corresponding absorption coefficient data
were ascertained and compared with the reported values avail-
able in the literature [31,32].

Figure 3 shows the drop in the value of the absorption
coefficient with a decreasing concentration of RDX in PTFE
matrix at 0.81 THz. This also indicates the minimum detection
limit of RDX in solid form.

A. Temperature-Dependent Absorption Spectra and
Refractive Index of RDX

The recording of absorption bands in the THz region is also
affected by the presence of water vapor. Consequently, many
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of the characteristic bands are either not visible or have low
intensity. The temperature-dependent spectroscopy of mole-
cules plays a very important role in revealing significant infor-
mation about many weak vibrational modes that are not
observable at room temperature [33,34]. In addition, it helps
excite the molecules at the ground state, which is also reflected
in the coupling of oscillating modes in terms of redshift. In this
section we discuss the temperature-dependent THz spectra of
RDX, TNT, and NH;NOj; molecules in solid form. The spec-
tra are recorded below their melting point.

Shen ez al. [34], Hangyo et al. [35], and Azad et al. [36]
reported the temperature-dependent spectroscopic study at
low temperature and identified the behavior of signature peaks
of RDX present at 0.82, 1.05, 1.50, and 1.96 THz. Figure 4(a)
shows the temperature-dependent absorption coefficients of
RDX in PTFE matrix recorded between 30°C and 170°C.
The characteristic band present at 0.8 THz has sharp features
between 30°C and 90°C. This can be attributed to the presence
of the NO, group [37]. The absorption coefficient at room
temperature is 11 cm™!, which decreases with increasing sam-
ple temperature. In addition, the shape of the absorption peak
between 30°C and 90°C shows a broadening effect at 105°C.
This reveals the process of vaporization of water molecules and
the release of NO, gas, which also indicates the initiation of the
process of thermal decomposition of RDX. The decrease in the
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Fig. 4. (a) Temperature-dependent absorption coefficient of RDX,
(b) temperature-dependent refractive index of RDX.
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absorption coefficient value of the 0.8 THz peak is directly
linked to the loss of NO, from the solid sample [38]. In
our previous reports, we have successfully demonstrated the
release of NO, from different explosives above 40°C, using
a pulsed photoacoustic technique [28,39,40]. The previous
study was performed in vapor using 532 and 266 nm wave-
lengths of a Q-switched Nd:YAG laser. The NO, gas release
mechanism is based on the strong electronic transition and
is attributed to vibronic modes of NO,. However, the present
results once again support our earlier findings in the THz do-
main. Further, an increase in the temperature between 120°C
and 170°C enhances the broadening of the peak width and
shows some shift toward 0.62 THz, which is nothing but the
redshift effect due to heating. Similarly, the peak at 1.05 THz
has a small amplitude and appears in the form of a dip at room
temperature. However, after crossing 105°C, the dip is modi-
fied and converted into a hump at 120°C. This is attributed to
the hot band effect, where the weak signature peak was invisible
due to water molecules. A similar type of effect is also observed
at 1.4 THz. However, this peak shows the reverse trend. The
absorption coefficient between 30°C and 105°C is lower than
the absorption coefficient at 150°C.

Figure 4(b) shows the temperature-dependent refractive in-
dex of RDX. The refractive index was recorded between 30°C
and 150°C, and it is clear that there is little variation in the
refractive index up to 0.7 THz. The value of the refractive in-
dex remains between 1.6 and 1.65. However, after 0.7 THz
there is a large decline in the value of the refractive index with
respect to temperature, and it decreases from 1.7 to 1.2 at
2.0 THz. Similar types of changes are also visible in the absorp-
tion coefficient data at 0.7 THz.

B. Temperature-Dependent Absorption Spectra and
Refractive Index of TNT
Figure 5(a) shows the temperature-dependent spectrum of
TNT, which was recorded between 30°C and 70°C—below
its melting point, i.e., 80.35°C. For TNT, characteristic ab-
sorption peaks are present at 1.6 THz and 2.17 THz [39].
One can easily see that the peak at 30°C has a higher absorption
coefficient around 7.4 cm™' and decreases to 6 cm™' at 50°C
and almost becomes 4.85 at 70°C. After crossing this temper-
ature, the peak shows an unusual reverse trend. It also indicates
the process of initiation of a slow release of NO, from the solid
sample. Similarly, the absorption coefficent of the 2.17 THz
peak is 10.65 cm™!, which becomes 7.8 cm™' at 50°C and
6.62 cm™! at 70°C. The decreasing trend of the absorption co-
efficient with respect to temperature also appears in the form of
a redshift toward the left side at 70°C. This redshift effect is due
to a hot band transition peak at 2.2 THz, which has a higher
value at 30°C. Therefore, the temperature-based recording of
signature peaks clearly reflects the process of thermal loss of
TNT molecules at high temperatures. In addition, tempera-
ture-based spectroscopy confirms the presence of some promi-
nent signature peaks in a repeated manner, along with redshift.
Two signature peaks located at 1.77 and 2.17 THz at 30°C get
shifted to 1.722 and 2.097 THz at 70°C, respectively.
Figure 5(b) shows the temperature-dependent refractive in-
dex of TNT. The refractive index was recorded between 30°C
and 70°C, and it is clear that there is very little variation in the
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Fig. 5. (a) Temperature-dependent absorption coefficient of TNT,
(b) temperature-dependent refractive index of TNT.

refractive index up to 1.6 THz. The value of the refractive
index between 30°C and 70°C almost overlaps and remains
between 1.55 and 1.60. However, after 1.6 THz it shows great
variation between 1.55 and 1.75. Similar types of changes are
also visible in absorption coefficient data at 1.6 THz.

C. Temperature-Dependent Absorption Spectra and
Refractive Index of NH;NO;

Figure 6(a) shows the temperature-dependent absorption spec-
tra of NH4NOj. The frequency spectra clearly show the pres-
ence of a weak signature at room temperature. An earlier
reported study of NH4NOj3 was carried out at low temperature
and demonstrated the conversion of the absorption peak into a
kinkat 1.7 THz [28,41,42]. However, when NH4;NOj is mixed
with PTFE, it starts showing a strong signature even at room
temperature. The absorption peaks at 1.2 and 1.4 THz are
weaker than the peak at 1.78. It also shows a maximum intensity
peak at 105°C below the melting point of NH4NO;.

Figure 6(a) shows the absorption spectrum of NHsHO;
recorded between 30°C and 150°C at 0.1-2.0 THz. To the
best of our knowledge, it is the first demonstration of a signa-
ture peak of NH,HOj at 1.73 THz. At room temperature, i.e.,
30°C, it has an absorption coefficient of the order of 5.69 cm™'.
Since the spectra are recorded in transmission mode, these sig-
nature peaks are visible. Further, the effect of a redshift is also
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Fig. 6. (a) Temperature-dependent absorption coefficient of
NH4NO;, (b) temperature-dependent refractive index of NH4NO;.

visible at 1.78 THz. The value of the absorption coefficient is of
the order of 5.27 cm™ between 60°C and 90°C. It is further
shifted toward 1.722 THz with a corresponding absorption co-
efficient of 5.05 cm™! between 120°C and 150°C, respectively.
The NH4NOj is a very stable inorganic aqua molecule due to
ionic bonds. Therefore, it does not show a similar type of de-
composition behavior and strong absorption like RDX and
TNT [43]. As a result, the redshift effect is not very prominent.

Figure 6(b) shows the temperature-dependent refractive
index of NH4NOj3. The refractive index is recorded between
30°C and 150°C, and it is clear that little variation exists in the
refractive index up to 1.3 THz. The value of the refractive in-
dex remains between 1.42 and 1.40. However, after 1.3 THz
the value of the refractive index shows a fall with respect to
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Fig. 7. Variation of absorption coefficients of RDX and TNT with
temperature.
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Table 1. Absorption Coefficient, Signal Sensitivity, and
Sample Thickness Data for the Different Samples

Sample Thickness = THz Peak Absorption
Pellet of Pellet Value Coefficient (cm™)
Name (mm) (a.u.) at Room Temperature
RDX 1.91 1.83 x 107 11.2

TNT 1.97 3.4 x 107 9.98
NH4NO; 2.1 1.73 x 107 5.67

temperature and decreases from 1.4 to 1.0. Similar types of
changes are also visible in the absorption coefficient data at
1.3 and 1.6 THz.

Figure 7 shows the variation in the values of the absorption
coefficients of characteristic peaks of RDX and TNT with re-
spect to temperature. Since RDX is more stable and stronger
than TNT, the loss of NO, takes place in multiple steps. This
is also reflected in the upper curve, where the value of the
absorption coefficient falls gradually from 11 to 7.7 cm™,
whereas TNT shows a direct fall from 7.5 to 0 cm™ after cross-
ing the melting point.

5. SENSITIVITY AND LIMITATIONS

We have compiled the sample thickness, signal sensitivity, and
absorption coefficient data of the three explosives in Table 1.

La Spada and Vegni studied a metamaterial-based wideband
electromagnetic wave absorber with normal incidence and
thickness dependency and reported notch action at 185 THz
with normal incidence [5]. In our case it is evident from the
table that the absorption coefficient is completely material de-
pendent and more for RDX. We detected 10 mg of RDX in
PTFE matrix, which shows a 5 cm™ absorption coefficient
value. Further improvisation is needed to reduce the quantity
of the sample. In the present experiment, the THz beam spot
size is 6 mm, and we require a pellet with a minimum size of
8.0 mm. Therefore, we are required to select suitable parabolic
mirrors to reduce the spot size of the order of 2.0 mm,
which will also help reduce the pellet diameter of the order
of 2.0 mm and enhance the detection sensitivity. Similarly,
the temperature-based study also helped to elucidate the red-
shift behavior of explosive molecules, which varies from sample
to sample. Finally, a temperature-dependent theoretical model
needs to be developed to explain the vibronic and rotational
transition behavior of these molecules in the THz region, as
existing density functional theory calculations are based at 0 K.

6. CONCLUSIONS

We have successfully recorded the temperature-dependent re-
fractive indices and absorption coefficients of NH;NOj3, TNT,
and RDX explosives below their melting points. Also, we dem-
onstrated the temperature-dependent redshift effect in these
molecules. To the best of our knowledge, this is the first dem-
onstration of the redshift effect and the process of slow thermal
decomposition mechanisms of these explosives in the THz
domain. This also helps characterize the explosive molecules.
In addition, the changes in the strength of the THz signal
of RDX in PTFE matrix are related to the concentration.
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